Radiation patterns and the resonance wavelength of a plasmonic antenna are significantly influenced by its local environment, particularly its substrate. Here, we experimentally explore the role of dispersive substrates, such as aluminum-or gallium-doped zinc oxide in the near infrared and 4H-silicon carbide in the mid-infrared, upon Au plasmonic antennas, extending from dielectric to metal-like regimes, crossing through epsilon-near-zero (ENZ) conditions. We demonstrate that the vanishing index of refraction within this transition induces a "slowing down" of the rate of spectral shift for the antenna resonance frequency, resulting in an eventual "pinning" of the resonance near the ENZ frequency. This condition corresponds to a strong backward emission with near-constant phase. By comparing heavily doped semiconductors and undoped, polar dielectric substrates with ENZ conditions in the nearand mid-infrared, respectively, we also demonstrate the generality of the phenomenon using both surface plasmon and phonon polaritons, respectively. Furthermore, we also show that the redirected antenna radiation induces a Fano-like interference and an apparent stimulation of optic phonons within SiC.
INTRODUCTION
The field of nanophotonics was initiated with the predominant focus on plasmonic effects in metals, where due to the negative real part of the dielectric function, electromagnetic fields can be confined to subdiffractional dimensions. Since these initial efforts, the field has blossomed to include subwavelength confinement within all-dielectric structures [1] [2] [3] and plasmonic/dielectric hybrid metamaterials [4, 5] , as well as subdiffractional confinement within highly doped semiconductors [6, 7] , diluted metals [7] , two-dimensional (2D) van der Waal's crystals [8] [9] [10] [11] [12] , and polar dielectric crystals via surface phonon polariton (SPhP) excitations [13] [14] [15] [16] [17] [18] .
In all cases, materials where negative real permittivity (Reϵ < 0) is observed also exhibit spectral regions where the real permittivity is positive; hence a cross-over point between these two regimes exists, therefore resulting in an epsilon-nearzero (ENZ) condition at this transition (Reϵ ∼ 0) [19] . This ENZ regime has led to a wealth of predicted novel light-matter interactions [20] . In general, ENZ causes three predominant impacts upon the local electromagnetic fields. First, ENZ materials exhibit an exceptionally high impedance (Z ffiffiffiffiffiffiffi ffi μ∕ϵ p ) mismatch with the surrounding environment, leading to a severely limited penetration and specular reflection of incident fields. Second, the wavelength within an ENZ material will become exceptionally large, approaching infinity, implying that smaller phase variations of the electromagnetic fields should only be observed over the course of many free-space wavelengths [20] [21] [22] [23] [24] . Finally, as the index of refraction is directly proportional to the permittivity, n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Reϵ 2 Imϵ 2 p Reϵ∕2 q at optical frequencies, n becomes vanishingly small provided the material is low-loss (e.g., small imaginary part of permittivity Imϵ near the ENZ condition). The first two properties of ENZ materials have been demonstrated within artificial media in the microwave [25] and far infrared and most recently within the visible [26, 27] spectral ranges. In addition, strong light coupling to ENZ modes within naturally occurring ENZ materials has been experimentally studied including tunable metamaterials [28] , enhanced optical nonlinearity [29, 30] , ultrafast carrier dynamics [31] , thermal emission [32] , and perfect absorbers [33, 34] .
As demonstrated in several experimental studies [28] [29] [30] [31] [32] [33] [34] , the ENZ response is observed near the plasma frequency of highly doped semiconductors, as well as near the longitudinal optic (LO) phonon frequency of polar dielectrics [18] . Conventional plasmonic materials such as Au and Ag exhibit an ENZ point within the ultraviolet range [18, 35, 36] ; however, optical losses Imϵ for these materials are too high to be useful for ENZrelated studies or applications. On the other hand, transparent conducting oxides (TCOs) such as aluminum-or gallium-doped zinc oxide (Al:ZnO or Ga:ZnO) naturally exhibit an ENZ point in the near-infrared range with small Imϵ attributed to the wide bandgap and small Drude damping (γ) [37] . In addition to highly doped semiconductors, polar dielectric and semiconducting materials such as 4H-SiC are also a promising ENZ material in the mid-to far-infrared range. The negative permittivity for polar dielectric materials is derived from polar lattice oscillations within the frequency range between the LO and transverse optic (TO) phonons [18] . Low optical losses are the result of the slow scattering rates of optic phonons, which typically occur on the timescale of picoseconds, in comparison to the faster scattering of free carrier plasmons. In addition, 4H-SiC polytype has a pole in the dielectric functions close to the TO phonon frequency for which the terminology epsilon-near-pole (ENP) [38] has been established. This is to contrast the difference in phenomena between these two conditions. The unique feature of ENP is associated with the highly dispersive dielectric function that results in the extremely large value of permittivity, whereas the ENZ corresponds to exceptionally low permittivity values. The existence of the ENP region in a polar dielectric allows for exploring the fundamentally different physical phenomena in the two types of materials discussed here.
In this work, by employing both TCOs and 4H-SiC as natural, low-loss ENZ materials, we experimentally probe the ENZ effects within simplified systems, as well as provide a platform for manipulating the radiation pattern and spectral response of local optical resonators. A theoretical study of the resonance frequency and electromagnetic field patterns of optical nanoantennas placed on a near-zero index metamaterial substrate was reported in Ref. [39] ; however, the practical case of natural plasmonic or polar ENZ substrates and the impact of a vanishing index of refraction upon antenna resonance behavior has not been reported. Through the patterning of periodic arrays of gold antennas upon these materials, we demonstrate the "pinning" of the antenna resonance frequency as a result of the vanishing index of refraction (reduced real permittivity) of the substrate during the spectral approach to the ENZ condition and observe a drastic modification of the associated radiation pattern. Similar behavior was observed near the ENZ and ENP conditions of 4H-SiC. Furthermore, we report on the IR-active LO phonon modes of 4H-SiC demonstrating a Fano-like interference with the antenna resonance that is not observed near the TO phonon nor within the plasmonic response of the TCOs.
THEORETICAL STUDY
It is well known that the performance of an antenna is strongly affected by its local environment and the presence of resonant structures and/or materials in its proximity [40] [41] [42] . One of the earliest problems of interest in this topic was the development of methodologies and techniques in the design, characterization, and evaluation of radiation and reception of radio-frequency (RF) antennas above the ground soil for radio broadcasting. With recent developments in the field of metamaterials, optical antenna design, particularly for structure-based antennas, has received renewed interest [43] .
When an antenna is located at an interface between two dielectric media, e.g., the air-dielectric interface, most of the radiation is directed into the medium with higher relative permittivity, exhibiting a radiation pattern with the main beams directed at an angle related to sin −1 n 1 ∕n 2 [44] , where n 1 and n 2 are the refractive indices of two media with n 1 > n 2 , and the angle is measured from the normal to the interface. Figure 1(a) sketches an example of such a electric field pattern, emanating from an infinitely long, 2D wire antenna placed on the interface between air and a semi-infinite, loss-less dielectric medium with dielectric constant Reϵ 2. In this example, the field pattern is primarily forward-scattered into the dielectric substrate and has two main beams directed at 45 and −45 deg off normal. This feature has been exploited in applications such as subsurface radar imaging and transmission.
When an antenna is placed on top of a low-permittivity Reϵ < 1 substrate, the air is the "denser" medium with higher relative permittivity and therefore the antenna pattern will be predominantly backscattered into the air above ( Fig. 1(b) ) [45] . We notice that the pattern still has two main beams directed at angles 45 and −45 deg off normal; however, they are now directed into the air. When the substrate is an ENZ material as shown in Fig. 1(c) , the resultant beam is directed back towards the normal. However, as the permittivity of the substrate becomes more negative, the electric field generated by this antenna diminishes because the substrate behaves as an electric conductor, shorting out the resonant response as shown in Figs. 1(d) and 1(e). The modification of radiation patterns has been discussed theoretically for artificial ENZ media, such as layered structures and photonic crystals with Dirac dispersion to achieve the effective index of zero near the Dirac point [46, 47] ; however, to the best of our knowledge, experimental verification of these predictions on natural ENZ substrates has thus far been lacking. (We do note that leaky-wave antennas over bandgap structures with effective index near zero have been demonstrated [46] .)
The influence of an ENZ substrate upon the resonance frequency of a local antenna is also of distinct interest if the ENZ phenomenon is to be used for dynamic control of antenna behavior. For any substrate, the antenna radiation may intuitively be assumed as the distribution over two simultaneous paths, one through the substrate and the other through the superstrate, which in this case is air, with the relative efficiencies of these paths defined by the dielectric function of the two local media. The resonance frequency of nanorod antennas has been derived for such systems and can be described as
where L is the nanorod length, δ is the evanescent extension of the resonant antenna mode beyond the physical dimensions of the nanorod, and L 2δ accounts for the effective antenna length [41, 48, 49] . The effective permittivity of the local medium around the antenna can be described as ϵ eff
Reϵ eff iImϵ eff (assuming an ambient of air, ϵ Air 1) [50] , where ϵ Sub is the permittivity of the substrate. From the calculated effective permittivity, the effective index can be described as [48, 50, 51] 
For a low-loss substrate, as the effective permittivity of the surrounding medium approaches zero, n eff also becomes vanishingly small. Therefore, in accordance with Eq. (1), due to the high dispersion of the substrate dielectric function near the ENZ frequency, an increase in the antenna length will be compensated by a corresponding decrease in n eff , thereby "slowing down" the spectral shift of resonance frequency near the ENZ condition. This in turn results in the aforementioned resonance "pinning" effect that limits the spectral shifting of the antenna resonance beyond the ENZ condition. Therefore, through the use of ENZ substrates, one can design optical antenna arrays of close arbitrary size/shape within a given range without the antenna dimensions dictating the resonant response. In what follows, we will discuss our experimental results whereby these novel phenomena are experimentally realized and demonstrated within the near-and mid-IR spectral regime.
EXPERIMENT RESULTS
The ENZ condition for three material systems (Al:ZnO, Ga: ZnO, and 4H-SiC) of interest in this work is demonstrated in dielectric functions presented in Figs. 2(a) and 2(b), with these materials exhibiting ENZ conditions within the near infrared for TCOs (AZO: 1.29 μm, GZO: 1.19 μm) and mid-infrared for 4H-SiC (λ LO ∼ 10.3 μm), respectively. In all three cases the substrates can be considered as low-loss, with the Imϵ at the ENZ point of Al:ZnO and Ga:ZnO being measured to be 0.29 and 0.31 ( Fig. 2(a) ), respectively, and for 4H-SiC it can be as low as 0.03 ( Fig. 2(b) ). As discussed in the previous section, polar dielectric crystals offer natural materials that exhibit ENZ behavior near the LO phonon as well as ENP behavior near the TO phonon (ω SiC TO ∼ 12.5 μm). This behavior is found within the Reststrahlen band of a polar dielectric or semiconductor material that occurs between its LO and TO phonons. In this wavelength range, the dielectric function is negative and light can couple to the LO phonon in much the same way as it does to electrons for wavelengths below the plasma frequency of metals and doped semiconductors.
For probing the impact of the ENZ response upon the local resonant antenna emission, we fabricated a series of rectangular Au nanorod arrays of increasing lengths on these substrates as shown in Figs. 3(a) and 3(b) . Since the ENZ frequencies of TCOs and SiC are different, we employed visible and NIR ellipsometry for TCOs and microscope-based Fourier transform infrared (FTIR) spectroscopy for 4H-SiC measurements. The comparison of experimental setups and the general observation of the ENZ impact upon the resonant antenna response will be discussed in following sections.
TCOs (Near Infrared): Periodic arrays of 40-nm-tall and 70-nm-wide Au nanorods of varying lengths were fabricated on a 1.4-μm-thick TCO (Al:ZnO or Ga:ZnO) film deposited on a glass substrate (see Supplement 1). For comparison purposes, Au nanorods were also fabricated on top of undoped zinc oxide (ZnO), which acts as a purely dielectric substrate in the NIR. As shown in Figs. 3(c) and 3(d) , the antennas were tilted at 45 deg in reference to the array periodicity so that measurements could be employed to probe the in-and out-of-plane polarization components of the nanorod radiation patterns separately. (See Supplement 1 for additional experimental results from nanorod antenna arrays on TCOs with cross-polarization and copolarization measurement). The resonant excitation of the nanorod will result in a scattering of light with electric field components aligned along both the x and y axes. Therefore, detecting the radiation in the cross-polarized configuration to the incident, only radiation from the antenna with an electric field component along the x axis is measured. The incident light was directed at the sample surface at a 20 deg angle of incidence Φ, and the reflection spectra were collected in the cross-polarized configuration ( Fig. 3(a) ).
The corresponding cross-polarized resonance spectra are shown in Fig. 4(a) for Au antennas of 400, 600, and 800 nm lengths on Al:ZnO, Ga:ZnO, and ZnO with a fixed periodicity of 700 nm. Similar to the resonance behavior of plasmonic nanorods on conventional dielectric substrates [40, 41, 48, 51, 52] , the resonance frequency of the Au nanorods on the undoped ZnO film exhibits only a large spectral red-shift with increasing nanorod length. In contrast, the antenna resonances exhibit a drastically reduced red-shift on the Ga:ZnO and Al:ZnO substrates. In all three cases, the intensity of the reflection is gradually increased as the density of antenna per unit area is increased. (See Supplement 1 for additional experimental results from nanorod antenna arrays on TCOs with fixed gaps between neighboring antennas). In order to explain this small spectral shift of resonance frequency despite the large increment of the antenna length (up to 100% increase), the effective antenna length (L eff L 2δ) as a function of the resonance wavelength (λ res ) is provided in Fig. 5(a) . The effective length is computed according to the presented equations in the previous section. Since the permittivity of ZnO is almost constant in the measured spectral range, the freespace resonance wavelength of the antennas on ZnO shifts linearly with increasing antenna length. However, the resonance wavelength of the antenna fabricated on the Ga:ZnO and Al:ZnO substrates asymptotically approaches the ENZ frequency of the substrate, and the rate of the resonance shift slows due to the corresponding reduction in n eff . This results in a "pinning" of the resonance near the ENZ condition that can be ascribed to a reduction in n eff that is compensated by a corresponding increase in antenna length.
As described in Eq. (1), the deviation between physical (real) antenna length and calculated effective antenna lengths represents the extension of the resonant mode 2δ at the nanorod end. From Fig. 5(a) , we can extract the value of 2δ by taking the difference between the calculated Leff and the measured L in SEM. It can be seen that the magnitude of 2δ is relatively constant. To add clarity, the near-field distribution around antenna with different lengths placed on either ZnO or Al:ZnO at the corresponding resonance wavelength is depicted in Fig. 5(b) . Regardless of the substrate, the dimension of the extended evanescent near field from the end of the nanorod antenna is similar and appears negligible with respect to the physical length.
Silicon Carbide (Mid-Infrared): To explore ENZ effects over a broad spectral range with different material systems and different physical phenomena, we have also employed the polar dielectric material 4H-SiC, as a means of probing this transition. Due to the longer free-space wavelength associated with the ENZ point of 4H-SiC (λ ENZ;LO ∼ 10.3 μm), Au antennas ranging from 0.5 to 8.4 μm were employed, with the aspect ratio and the edgeto-edge gap between the long axis of the antennas held constant at 4 and 1000 nm, respectively. For the arrays, the periodicity for both axes was equivalent and was designed to be P x P y L 1000 nm. For comparison to a standard dielectric substrate, a second set of arrays was fabricated on silicon as well. Figure 6 (a) depicts the copolarized reflection spectra of the overlying Au antennas on 4H-SiC near the ENZ point. Analogous to the results from the TCOs, as the antenna length is increased, we observe the resonance "pinning" effect as the resonance spectrally approaches the ENZ condition. (See Supplement 1 Research Article for additional experimental results from nanorod antenna arrays on TCOs with cross-polarization and copolarization measurement). Electromagnetic simulations (Fig. 6(b) ) again demonstrate the predominant effect, providing good qualitative agreement with the experimental shifts observed using FTIR reflectance. The factor of two differences in the overall reflection amplitude between the experimental and simulated reflection spectra can be ascribed to increased losses in gold from fabrication, additional resonance broadening due to inhomogeneous structures from lithographic patterning, and imperfect antenna surfaces not depicted in the simulations. In addition to probing the influence of the ENZ substrate upon the antenna resonance, the antenna behavior of the resonance frequency near ENP transition was also investigated. As shown in Fig. 6(c) , each antenna actually exhibits two resonances, one to the "blue" (higher frequency) of the LO phonon, while the other occurs to the "red" (lower frequency) of the TO phonon. Much like the case of the ENZ response, a "slowing down" and eventual "pinning" of the antenna resonance is observed; however, this occurs due to the rapidly increasing effective index near the TO phonon wavelength that serves to compensate for reductions in antenna length. As explained analytically for the TCO systems, the resonance behavior of overlying Au antenna on 4H-SiC and Si substrate can be described by Eq. (1). This can be clearly seen from the plot of the antenna resonance positions with different lengths in Fig. 7(a) with the resonance "pinning" effect resulting in an asymptote at two specific resonance wavelengths λ res ∼ λ ENZ;TO and λ ENZ;TO , albeit with the asymptotes pointing in opposite directions. It is clearly observed that a reduction (increase) of the effective index of SiC compensates for the increase (decrease) in antenna length near the ENZ (ENP) condition, whereas similar to the case of ZnO, the antennas on Si exhibit a close to linear trend with increasing length (Fig. 7(a) ).
Due to the presence of an IR-active absorption at the LO phonon frequency, a Fano-like interference between the discrete Au antenna resonance with the LO phonon continuum is observed as the resonance approaches the ENZ condition and the two optical modes spectrally overlap. This effect is clearly observed in the cross-polarized spectra presented in Fig. 7(b) . Such an interference has been reported previously for gold plasmonic split-ring resonators [53] and nanowires [54] on top of thin (3-10 nm) SiO 2 films. However, this interference was not observed near the TO phonon. The interference between the antenna resonance with the LO phonon absorption can be best described as an anticrossing between the modes due to the strong coupling between the excitations. Such a splitting is apparent in the experimental and simulated reflection spectra in Figs. 6(a) and 6(b), respectively, and was first reported in Ref. [53, 54] . In addition to this interference, an increase in the amplitude of the LO phonon Research Article mode is also observed, reaching a maximum when the two modes are spectrally coincident. This enhancement of the LO phonon is only observed with an incident polarization aligned along the long axis of the antenna and thus implies that the resonant scattered fields from the antennas are more efficiently coupled to the LO phonons. Electromagnetic simulations of such experiments duplicate this Fano-like lineshape and the increasing LO phonon amplitudes under these conditions, clearly illustrating that this is not simply an experimental artifact. To our knowledge, such a phenomenon has not been reported before and may have implications for waveguiding applications and designs.
ENZ Effects upon Radiation Pattern: The radiation pattern of Au antennas on ZnO and Ga:ZnO was measured at the corresponding resonance wavelength using ellipsometery to explore the cross-polarized radiation pattern from the Au antennas on the dielectric and ENZ substrate. The radiation in the presence of the dielectric ZnO substrate is emitted over a large solid angle, with primary beams directed at 45 and −45 deg off normal, being scattered into both the substrate and air, as shown in Fig. 8(a) . However, as we theoretically predicted in the field pattern presented in Fig. 1(c) , the radiation from the antennas on an ENZ (Ga:ZnO) substrate is mostly backscattered into the ambient (air) as shown in Fig. 8(b) . (See Fig. S-1 in Supplement 1 for the simulation of the radiation pattern of the 2D antenna provided in Fig. 1.) As the antenna length is increased, the solid angle of the emitted radiation is reduced because the resonance spectrally approaches the ENZ condition. From this measurement, we verify that the ENZ response can indeed tailor the radiation pattern of local emitters according to its optical properties. Furthermore, the corresponding reduction in n sub results in the wavelength within the ENZ material approaching infinity; thus negligible variations in the phase of the electromagnetic fields are observed over distances in excess of several free-space wavelengths. The observed effects hold promise for unprecedented control over the resonance frequency, radiation pattern, and phase of optical antenna emission with less dependence upon the antenna size, thus offering methods for design whereby the size and density of emitters can be decoupled from the resonance properties. In addition, integrating an optical antenna within an ENZ medium provides some degree of control over the directionality and shape of the radiation pattern, placing less importance on changing the geometry or the design of the antenna itself.
CONCLUSION
We have demonstrated that drastic modifications to both the resonance frequency and the directionality of the resonant radiation from local dipole emitters occur in the presence of an ENZ substrate. The nanorods on an ENZ substrate were shown to exhibit a reduced spectral shift of the antenna resonance with increasing antenna length near the ENZ condition, resulting in a resonance "pinning," whereby the resonance frequency becomes essentially independent of the antenna length. This was accompanied with a modification in the radiation pattern, with the emission confined to a very small solid angle centered about the normal. A comparison between the resonance behavior of Au nanorod antennas on highly doped TCOs and that on the undoped, polar dielectric 4H-SiC enables the generalization of such a phenomenon over a broad spectral range and between different origins of the ENZ effect. Furthermore, the polar dielectric material system allowed for the investigation of the role of ENP substrates on the antenna resonance, resulting in similar "pinning" behavior, albeit due to a compensation of antenna length reduction with rapidly increasing real permittivity. In addition, a strong coupling between the Au antenna resonance and the LO phonon absorption at the ENZ condition resulted in a Fano-like interference between these modes, resulting in an anticrossing behavior. This resulted in the antenna-induced increase in the LO phonon amplitude, which may imply that the antennas are providing scattering-induced enhanced excitation of LO phonons within the 4H-SiC material. These results may provide for possibilities of identifying methods to overcome the geometric dispersion of emitters used in sensors and isolating various plasmonic devices for on-chip nanophotonic devices in flat optics designs and beam-steering applications as well as providing a novel approach to infrared waveguides. See Supplement 1 for supporting content.
